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Introduction {#sec001}
============

Postoperative surgical site infections (SSIs) are a common and potentially devastating complication in human and veterinary patients and are estimated to occur in 2--5% of human surgical patients in the United States \[[@pone.0212995.ref001],[@pone.0212995.ref002]\]. In veterinary medicine, the incidence of SSIs vary between populations, with reported ranges of 0.8--18.1% \[[@pone.0212995.ref003]--[@pone.0212995.ref007]\]. SSIs come with a high cost to both patient and client as a result of increased medication and revision surgery requirements, extended hospital stays, financial expenditures, and patient mortality \[[@pone.0212995.ref001],[@pone.0212995.ref004],[@pone.0212995.ref006],[@pone.0212995.ref007],[@pone.0212995.ref008]\]. Medical advancements have led to an increase in frequency of surgical procedures that include insertion of implants \[[@pone.0212995.ref004]\], including those made from metals, plastics and ceramics \[[@pone.0212995.ref009]\]. Further advances have allowed for pre-operative creation of patient-specific implants, which provide direct patient benefits, including reduced time under general anesthesia, reduced need for analgesics, decreased blood loss, reduced risk of infection, decreased need for antibiotics, and improved surgical outcome \[[@pone.0212995.ref009],[@pone.0212995.ref010]\], as well as a reduction in intraoperative fluoroscopic navigation, decreasing radiation exposure \[[@pone.0212995.ref010]\]. The use of 3D printing techniques such as laser powder bed fusion (LPBF) to manufacture detailed patient specific implants is one reason for the increasing use of 3D printing in the medical field \[[@pone.0212995.ref011]\].

While implants may be beneficial or necessary for some surgical procedures, there is an inherent risk of infection. Surgical procedures involving implants are known to increase the risk of SSIs due to bacterial colonization of the implant surface \[[@pone.0212995.ref004],[@pone.0212995.ref006],[@pone.0212995.ref012],[@pone.0212995.ref013],[@pone.0212995.ref014]\] and implant-associated infections can be difficult to treat. In a study by Turk et al., dogs with a medical implant were 5.6 times more likely to develop a SSI than dogs without \[[@pone.0212995.ref013]\]. For example, canine tibial plateau leveling osteotomy (TPLO) is considered a clean surgical procedure which involves fixation of a metallic implant to the tibia, but has a SSI incidence of 2.5--15.8% \[[@pone.0212995.ref015]\]. *Staphylococcus* spp., mainly *S*. *pseudintermedius* are the most common isolates from TPLO SSIs \[[@pone.0212995.ref016]--[@pone.0212995.ref018]\] and from SSIs as a whole \[[@pone.0212995.ref013]\]. Increasingly, methicillin-resistant *Staphylococcus pseudintermedius* (MRSP) is involved, further complicating treatment.

Methicillin-resistant *Staphylococcus* species are important causes of morbidity and mortality as a result of a variety of opportunistic infections, including SSIs \[[@pone.0212995.ref019]\]. Methicillin-resistant *Staphylococcus aureus* (MRSA) is a significant cause of morbidity and mortality in hospitalized humans \[[@pone.0212995.ref001],[@pone.0212995.ref019],[@pone.0212995.ref020]\], while both MRSA and MRSP are capable of causing morbidity, mortality and are among the leading causes of SSIs in companion animals \[[@pone.0212995.ref013],[@pone.0212995.ref019]\]. Both MRSA and MRSP produce surface-coating biofilms which confer resistance to antibiotics, disinfectants, phagocytosis, and the host immune system, promoting chronic infections such as implant-associated SSIs \[[@pone.0212995.ref021]\].

With the use and availability of 3D printing technology in human and veterinary medicine \[[@pone.0212995.ref009]\], there is a need to investigate biofilm forming ability on metals available for 3D printing patient-specific orthopedic implants via LPBF. This study aimed to assess MRSP biofilm growth on different surface finishes of LPBF orthopedic implant metals to help understand the role that surface finish may play in an implant-associated SSI. The implant surface following LPBF is rough due to laser heat diffusion, which causes propagation of powder bonding beyond the area exposed to the laser \[[@pone.0212995.ref022],[@pone.0212995.ref023]\]. This phenomenon makes smooth surfaces and corners difficult to manufacture without post-processing modifications \[[@pone.0212995.ref022]\], and facilitates biofilm adherence \[[@pone.0212995.ref024]\]. Therefore, tumbling, chemical and electrochemical polishing, blasting, electropolishing, lathe or microabrasive machining, laser polishing, plasma spraying, or manual polishing \[[@pone.0212995.ref025]--[@pone.0212995.ref027]\] may be employed to smooth the surface \[[@pone.0212995.ref023],[@pone.0212995.ref028],[@pone.0212995.ref029],[@pone.0212995.ref030]\]. The objective of this study was to assess the role of surface finish, using manual polishing, on biofilm formation of three different LPBF metals. Our hypothesis was that a manually polished finish would result in decreased biofilm formation compared to a rough finish, and our objective was achieved.

Materials and methods {#sec002}
=====================

Preparation of 3D printed disks and bacterial incubation {#sec003}
--------------------------------------------------------

Ninety disks were 3D printed via LPBF; 30 of each titanium alloy Ti6Al4V (TI), stainless steel 316L (SS) and cobalt chromium alloy CoCr (CC) using standard Renishaw powders (ADEISS, London, ON, CAN; Renishaw plc, Wotton-under-Edge, Gloucestershire, UK). The TI and CC disks were manufactured using a Renishaw AM400 Laser Melting System, and the SS disks were manufactured using a Renishaw AM250 Laser Melting System (Renishaw plc, Wotton-under-Edge, Gloucestershire, UK). Each machine was dedicated to a specific metal type to prevent powder contamination, however all machines contain the same components, materials, and chemicals that interact with the powder, and used a 70 μm laser spot diameter with a 40 μm layer thickness. The disks were 3 mm thick and 24 mm in diameter ([S1 Fig](#pone.0212995.s004){ref-type="supplementary-material"}), similar to those used in another study \[[@pone.0212995.ref031]\] but with a vertical build orientation ([Fig 1](#pone.0212995.g001){ref-type="fig"}). Each material group was divided into two preparations of 15 disks, one with the original post-LPBF surface unchanged (rough) while the surfaces of the other were polished smooth (polished) using an Espert 500 Ultra-precision brushless micro-grinder with tungsten carbide burs (NSK America Corporation, Hoffman Estates, IL, USA), ranging from 10--40 000 rpm ([Fig 1](#pone.0212995.g001){ref-type="fig"}). A random number generator (StatTrek.com) was used to allocate disks to experimental batches ([Fig 2](#pone.0212995.g002){ref-type="fig"}). Twenty-four disks were printed via stereolithography (SLA; Formlabs Form 2, Formlabs Inc., Somerville, MA, USA) from black SLA resin (Formlabs Inc., Somerville, MA, USA) at a resolution of 50 micrometres and were included in every experimental batch as indicators of contamination and to flag any outlier groups to ensure bacterial growth was similar across groups ([Fig 2](#pone.0212995.g002){ref-type="fig"}). Plastic disks were used as they were significantly less expensive than metal disks. All disks were sterilized using a routine pre-vacuum steam autoclave at 132° C for 4 minutes (Amsco Century P-160H SFPP Steam Sterilizer, STERIS Corporation, Mentor, OH, USA).

![Disk geometry and build orientation (stereolithography (STL) digital image), with photographs of rough and smooth disks.\
TIR---Titanium alloy rough, TIP---Titanium alloy polished, SSR---Stainless steel rough, SSP---Stainless steel polished, CCR---Cobalt chromium alloy rough, CCP---Cobalt chromium alloy polished.](pone.0212995.g001){#pone.0212995.g001}

![Diagrammatic depiction of disk assortment to experimental groups, with randomization steps indicated.](pone.0212995.g002){#pone.0212995.g002}

One MRSP isolate (MRSP A12), a sequence type 111 isolate that was previously shown to be a robust biofilm producer \[[@pone.0212995.ref032]\] was used. A pure 24 hour growth of this isolate was suspended in 10 mL of tryptone soy broth with 1% glucose (TSBG) to achieve a 0.5 McFarlane standard solution. Disks were placed in sterile containers with 10 mL of the TSBG-MRSP solution. Following a 24 hour static incubation at 37°C, disks were rinsed 3 times with 10 mL of phosphate buffered saline (PBS) to remove planktonic bacteria. Two of the fifteen disks in each preparation were randomly chosen for pre-sonication scanning electron microscopy (SEM; FEI Quanta FEG 250 SEM, Thermo Fisher Scientific, Hillsboro, OR, USA). The thirteen remaining rinsed disks were transferred to a new sterile container with 10 mL TSBG and sonicated (Branson 2510MT Ultrasonic Cleaner, Branson Ultrasonics Corporation; Danbury, CT, USA) for 5 minutes to remove biofilm-associated bacteria. Following sonication, two disks from each preparation were randomly chosen for post-sonication SEM. Serial dilutions of the TSBG-biofilm solution were performed from a minimum of 10^−4^ to a maximum of 10^−7^, with 100 ul aliquots inoculated onto blood agar and incubated for 24 hours. Colony forming units (CFU) were manually counted after incubation and plates with 30--300 CFU were used to calculate the mean CFU/disk for each group.

Surface characterization by scanning electron microscopy and surface profilometry {#sec004}
---------------------------------------------------------------------------------

Two disks per preparation underwent fixation post-rinsing and pre-sonication, and 2 disks were fixed post-sonication after being used to calculate CFU/disk. Fixation was carried out via addition of 10 mL of a 2% glutaraldehyde solution to each disk for a minimum of 2 days at 4°C. After disks were rinsed with PBS, 4 drops of osmium tetroxide were placed onto the surface and allowed to sit for 15 minutes. Water was used to rinse the disks twice to remove any residual osmium. A gold sputter coating was applied using a Denton Desk V TSC Sputter Coater (Denton Vacuum, Moorestown, NJ, USA) and subsequent SEM was carried out with representative images taken at magnifications of 100x, 400x, 3000x, and 6000x for each disk.

All remaining disks were gently cleaned using an enzymatic cleaner (Asepti-Zyme, Ecolab, St. Paul, MN, USA) and a soft bristle toothbrush to remove all surface debris. One disk from each preparation was sputter coated as above and SEM images were taken to evaluate the surface features at 100x, 400x, 3000x, and 6000x magnifications. The remainder of the disks and the uncoated underside of the SEM fixed disks underwent surface profilometry via interference microscopy using a Wyko NT3300 Optical 3D Profiling System (Veeco, Plainview, NY, USA) to obtain Ra (average absolute profile height deviation from the mean line over the evaluation length) and Rq (the root mean square average of the profile heights over the evaluation length) measurements for quantifying surface roughness.

Statistical analysis {#sec005}
--------------------

To explore biofilm growth per preparation, mean CFU/disk for each material group were natural log (ln) transformed. A one-way ANOVA was used to compare across preparations and assess significance among the SLA disks, with the categorical variable being preparation.

A one-way analysis of covariance was performed with preparation as the categorical variable and Ra and Rq values as the explanatory variables to determine the effect of surface roughness on CFU. Interactions and quadratics for preparations in the model were attempted. A one-way ANOVA with subsampling and disk as the categorical variable was used to compare Ra and Rq within disks. The Spearman correlation was used to assess the correlation between Ra and Rq.

To assess ANOVA assumptions residual analyses were conducted, including testing formally for normality using the Shapiro-Wilk, Kolmogorov-Smirnov, Cramer-von Mises, and Anderson-Darling tests. The Akaike information criterion and Bartlett's test were used to check for unequal variance, and an exact p value was computed to confirm Bartlett's test. In addition, residuals were plotted against the predicted values and explanatory variables used in the model to identify outliers and unequal variance. Unequal variance was allowed for in the model using the PROC MIXED statement. Results were reported as means with 95% confidence intervals. Pairwise comparisons and contrasts between material groups were carried out to determine significant differences and biofilm growth ratios. The Intraclass Correlation Coefficient (ICC) was used to determine the variance attributable to between versus within disk variance ([Eq 1](#pone.0212995.e001){ref-type="disp-formula"}). P values for differences among groups were adjusted for multiple comparisons using Tukey's method (adjp) and values of ≤ 0.05 were considered significant. Non-adjusted values of p ≤ 0.05 were considered significant for contrast statements. Statistical software (SAS 9.4, Cary, NC, USA) was used to perform all statistical analyses and all results were reported following ln transformation.

![](pone.0212995.e001.jpg){#pone.0212995.e001g}
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Results {#sec006}
=======

Biofilm growth {#sec007}
--------------

There were no significant differences in biofilm growth between the control SLA disks. The maximum and minimum mean biofilm growth per preparation returned after natural log (ln) transformation of CFU/disk were 18.8 (TIR) and 15.8 (CCP), respectively ([Fig 3](#pone.0212995.g003){ref-type="fig"}).

![Graph of biofilm growth versus preparation, via mean natural log (ln) transformed CFU/disk per preparation, with 95% confidence intervals demarcated.\
CCP---Cobalt chromium alloy polished, SSP---Stainless steel polished, TIP---Titanium alloy polished, CCR---Cobalt chromium alloy rough, SSR---Stainless steel rough, TIR---Titanium alloy rough.](pone.0212995.g003){#pone.0212995.g003}

Individual comparisons of rough vs. polished preparations showed that TIR, CCR, and SSR grew significantly more biofilm than TIP, CCP, and SSP respectively (p \< 0.0001; [Fig 3](#pone.0212995.g003){ref-type="fig"}). There were no significant differences in biofilm growth among polished preparations ([Table 1](#pone.0212995.t001){ref-type="table"}).

10.1371/journal.pone.0212995.t001

###### Pairwise comparisons of biofilm growth between all preparations types, based on mean natural log (ln) transformed CFU/disk values.

![](pone.0212995.t001){#pone.0212995.t001g}

  *Preparations Compared*   *Ratio*   *p Value (Adjusted for multiple comparisons)*   *Lower Limit (Adjusted for multiple comparisons)*   *Upper Limit (Adjusted for multiple comparisons)*
  ------------------------- --------- ----------------------------------------------- --------------------------------------------------- ---------------------------------------------------
  CCP vs. CCR               0.10112   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.05307                                             0.1926
  CCP vs. SSP               0.76848   0.9194                                          0.37852                                             1.5602
  CCP vs. SSR               0.16052   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.08726                                             0.2953
  CCP vs. TIP               0.70789   0.6035                                          0.38627                                             1.2973
  CCP vs. TIR               0.05027   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.02641                                             0.0957
  CCR vs. SSP               7.60001   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   4.30054                                             13.4309
  CCR vs. SSR               1.58749   0.0336[\*](#t001fn002){ref-type="table-fn"}     1.02163                                             2.4668
  CCR vs. TIP               7.00081   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   4.52889                                             10.8219
  CCR vs. TIR               0.49718   0.0008[\*](#t001fn002){ref-type="table-fn"}     0.30544                                             0.8093
  SSP vs. SSR               0.20888   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.12303                                             0.3546
  SSP vs. TIP               0.92116   0.9991                                          0.54490                                             1.5572
  SSP vs. TIR               0.06542   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.03705                                             0.1155
  SSR vs. TIP               4.40997   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   3.01064                                             6.4597
  SSR vs. TIR               0.31319   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.20176                                             0.4862
  TIP vs. TIR               0.07102   \<0.0001[\*](#t001fn002){ref-type="table-fn"}   0.04599                                             0.1097

Ratios are of medians (ie. back transformations), which are reported in CFU/disk. CCR---cobalt chromium alloy rough, CCP---cobalt chromium alloy polished, SSR---stainless steel rough, SSP---stainless steel polished, TIR---titanium alloy rough, TIP---titanium alloy polished.

\* Denotes statistically significant differences (p ≤ 0.05).

Group contrasts of rough vs. polished metals, and among SS vs. TI, and CC vs. TI material groups returned significant differences, with rough metals growing more biofilm than polished, and TI growing more than either SS or CC ([Table 2](#pone.0212995.t002){ref-type="table"}). CC vs. SS were not significantly different with regard to biofilm growth ([Table 2](#pone.0212995.t002){ref-type="table"}).

10.1371/journal.pone.0212995.t002

###### Summary of group contrast statements performed returning estimated differences between mean natural log (ln) transformed CFU/disk for each preparation type, including rough vs. polished preparations and between all three material types, with p values and 95% confidence intervals.

![](pone.0212995.t002){#pone.0212995.t002g}

  *Preparation or Material Groups Compared*   *Estimate*   *p Value*                                       *Lower Limit*   *Upper Limit*
  ------------------------------------------- ------------ ----------------------------------------------- --------------- ---------------
  Polished vs. Rough                          -2.1674      \<0.0001[\*](#t002fn001){ref-type="table-fn"}   -2.3739         -1.9610
  Stainless steel vs. titanium alloy          -0.6215      \<0.0001[\*](#t002fn001){ref-type="table-fn"}   -0.8470         -0.3961
  Cobalt chromium alloy vs. titanium alloy    -0.5221      0.0001[\*](#t002fn001){ref-type="table-fn"}     -0.7781         -0.2662
  Cobalt chromium alloy vs. stainless steel   0.0994       0.4737                                          -0.1752         0.3740

\* Denotes significant differences (p ≤ 0.05).

Variances in biofilm growth per preparation appeared unequal when residuals were plotted against predicted values. This was confirmed by the Akaike information criterion and Bartlett's test, and then accounted for in the model. Cobalt chromium alloy polished (CCP) displayed the most variance in biofilm growth while stainless steel alloy rough (SSR) displayed the least, with σ^2^ estimates of 0.4227 and 0.0907 respectively.

Surface roughness versus biofilm growth {#sec008}
---------------------------------------

A simple interaction between disks was found, and quadratics for preparation were non-significant. Ra and Rq were found to be very highly correlated under the Spearman Correlation with a coefficient of 0.99917, so Ra was used to represent surface roughness and for all biofilm growth vs. roughness analyses. Mean surface roughness (Ra) ranged from 9.1743 μm to 20.3140 μm among the rough preparations and 1.7253 μm to 2.6159 μm among the smooth preparations ([Table 3](#pone.0212995.t003){ref-type="table"}; [Fig 4](#pone.0212995.g004){ref-type="fig"}). Plotting mean ln CFU per disk versus mean Ra per disk confirmed smooth disks grew less biofilm than rough, but displayed relationships by preparation ([Fig 5](#pone.0212995.g005){ref-type="fig"}).

![**Surface profilometry contour plots (A,B), 3D plots (C,D), and histogram analyses (E,F) of rough (A,C,E) and polished (B,D,F) stainless steel disks.** A-D depict positive (red) and negative (blue) surface deviations from the mean (green). E-F represent the number of sampled points per surface height.](pone.0212995.g004){#pone.0212995.g004}

![Biofilm growth based on natural log (ln) transformed CFU/disk versus mean natural log (ln) transformed surface roughness (Ra) by disk.\
TIR---Titanium alloy rough, TIP---Titanium alloy polished, SSR---Stainless steel rough, SSP---Stainless steel polished, CCR---Cobalt chromium alloy rough, CCP---Cobalt chromium alloy polished.](pone.0212995.g005){#pone.0212995.g005}

10.1371/journal.pone.0212995.t003

###### Summary of the mean surface area per preparation with upper and lower limits, equations for the relationship between biofilm growth and surface area per preparation, and the p value returned for the significance of that relationship.

![](pone.0212995.t003){#pone.0212995.t003g}

  *Preparation*   *Mean Ra (μm)*   *Lower Limit*   *Upper Limit*   *Equation for Slope of Biofilm Growth vs*. *Ra per Preparation*   *p Value*
  --------------- ---------------- --------------- --------------- ----------------------------------------------------------------- ---------------------------------------------
  TIR             20.3140          18.1448         22.1514         log(*TIR*) = 14.6346 + 1.3923*x*                                  0.2262
  TIP             2.1322           2.0757          2.3253          log(*TIP*) = 16.9696 − 1.1443*x*                                  0.1127
  SSR             9.1743           8.8252          9.7678          log(*SSR*) = 16.3673 + 0.6141*x*                                  0.3189
  SSP             2.6159           2.5750          2.8587          log(*SSP*) = 16.7328 − 0.7087*x*                                  0.5487
  CCR             15.0034          14.8362         16.3371         log(*CCR*) = 14.9508 + 1.1667*x*                                  0.3287
  CCP             1.7253           1.6294          1.8710          log(*CCP*) = 16.7265 − 1.9095*x*                                  0.0002[\*](#t003fn001){ref-type="table-fn"}

\* Denotes significant differences (p ≤ 0.05).

Ra---surface roughness, TIR---titanium alloy rough, TIP---titanium alloy polished, SSR---stainless steel rough, SSP---stainless steel polished, CCR---cobalt chromium alloy rough, CCP---cobalt chromium alloy polished.

The relationship between biofilm growth and Ra was only significantly correlated for the CCP preparation ([Table 3](#pone.0212995.t003){ref-type="table"}). The lack of significant correlations between Ra and biofilm growth for the remaining preparations is suspected to be a result of insufficient sample size. All relationships for Ra versus biofilm growth were positive for the rough preparations, and negative for the polished preparations ([Table 3](#pone.0212995.t003){ref-type="table"}, [Fig 5](#pone.0212995.g005){ref-type="fig"}). Comparing the slopes of the Ra versus biofilm growth relationships showed significant differences between the slopes of CCR and CCP (p = 0.0196), CCP and SSR (p = 0.002), and CCP and TIR (p = 0.01). Combining the data from all smooth preparations and comparing its Ra versus biofilm growth relationship to that of all rough preparations also returned a significant difference in the two slopes (p = 0.0036).

Covariance parameter estimates of roughness within disks were all significant, with Ra variance within a preparation being CCR \< SSR \< TIR \< SSP \< TIP \< CCP ([Table 4](#pone.0212995.t004){ref-type="table"}). The between disk variance predominated for CCR, while within disk variance predominated for all other preparations ([Table 4](#pone.0212995.t004){ref-type="table"}). Variance as a result of between disk differences, versus variance as a result of within disk differences was equal to 14.88%, 27.71%, 38.96%, 46.87%, 56.01% and 57.78% for CCP, TIP, SSP, TIR, SSR and CCR, respectively.

10.1371/journal.pone.0212995.t004

###### Summary of estimates for variance in surface roughness (Ra) for each material group preparation.

![](pone.0212995.t004){#pone.0212995.t004g}

  --------------------------------------------------------------------------------------------------------------------------
  *Preparation*   *Variance of Ra*\          *p Value*                                       *Lower Limit*   *Upper Limit*
                  *(Estimate of σ*^*2*^*)*                                                                   
  --------------- -------------------------- ----------------------------------------------- --------------- ---------------
  CCR             0.01557                    \<0.0001[\*](#t004fn001){ref-type="table-fn"}   0.01016         0.02683

  SSR             0.01674                    0.0002[\*](#t004fn001){ref-type="table-fn"}     0.01039         0.03141

  TIR             0.02416                    \<0.0001[\*](#t004fn001){ref-type="table-fn"}   0.01607         0.04038

  SSP             0.03339                    \<0.0001[\*](#t004fn001){ref-type="table-fn"}   0.02210         0.05625

  TIP             0.05558                    \<0.0001[\*](#t004fn001){ref-type="table-fn"}   0.03664         0.09427

  CCP             0.1219                     \<0.0001[\*](#t004fn001){ref-type="table-fn"}   0.07953         0.2100
  --------------------------------------------------------------------------------------------------------------------------

\* Denotes significant differences (p ≤ 0.05).

Scanning electron microscopy {#sec009}
----------------------------

SEM images of rough and polished disks ([Fig 6](#pone.0212995.g006){ref-type="fig"}) demonstrated differences in microscopic surface features. Visual comparison and interpretation of SEM images at equal magnifications confirmed subjectively that rough metals had increased surface roughness compared to polished metals ([Fig 6](#pone.0212995.g006){ref-type="fig"}). Subjectively, the surface features were more prominent on TIR and least prominent on SSR, which was supported by the objective Ra measurements presented in [Table 3](#pone.0212995.t003){ref-type="table"}.

![Scanning electron microscope images at 400x magnification of the surfaces of the rough and smooth (polished) forms of the three different metal disks.\
A---Titanium alloy rough, B---Titanium alloy polished, C---Stainless steel rough, D---Stainless steel polished, E---Cobalt chromium alloy rough, F---Cobalt chromium alloy polished.](pone.0212995.g006){#pone.0212995.g006}

Visual comparison and interpretation of SEM images obtained after incubation with bacteria and saline flushing found subjectively increased bacterial biofilm growth on rough surfaces versus polished surfaces for TI ([Fig 7](#pone.0212995.g007){ref-type="fig"}), SS ([Fig 8](#pone.0212995.g008){ref-type="fig"}), and CC ([Fig 9](#pone.0212995.g009){ref-type="fig"}). Bacteria were found subjectively in greater quantities in crevices, which appeared more frequently on the rough disks than the smooth disks. SEM images obtained of disks following removal of adhered biofilm bacteria via sonication identified some persistent bacteria on the disks in crevices and sheltered areas, but the majority had been removed with no obvious clumps of bacteria.

![**Comparison of biofilm growth between 3D printed titanium alloy disks with a rough (A, C, E) versus a polished finish (B, D, F) using scanning electron microscopy.** Titanium alloy disks were imaged following 24 hours incubation in bacterial culture and after rinsing to remove planktonic bacteria. A,B 400 x magnification, C,D 3000 x magnification, E,F 6000 x magnification.](pone.0212995.g007){#pone.0212995.g007}

![**Comparison of biofilm growth between 3D printed stainless steel disks with a rough (A, C, E) versus a polished finish (B, D, F) using scanning electron microscopy.** Stainless steel disks were imaged following 24 hours incubation in bacterial culture and after rinsing to remove planktonic bacteria. A,B 400 x magnification, C,D 3000 x magnification, E,F 6000 x magnification.](pone.0212995.g008){#pone.0212995.g008}

![**Comparison of biofilm growth between 3D printed cobalt chromium alloy disks with a rough (A, C, E) versus a polished finish (B, D, F) using scanning electron microscopy.** Cobalt chromium alloy disks were imaged following 24 hours incubation in bacterial culture and after rinsing to remove planktonic bacteria. A,B 400 x magnification, C,D 3000 x magnification, E,F 6000 x magnification.](pone.0212995.g009){#pone.0212995.g009}

Discussion {#sec010}
==========

Biofilm formation and surface roughness {#sec011}
---------------------------------------

The lack of significant differences in CFU/disk between the control SLA disks indicated there were no experimental batches with outlying biofilm formation or bacterial growth. MRSP biofilm growth was significantly reduced in all polished preparations relative to rough preparations, with no significant differences among polished preparations. Surface roughness (Ra) positively influenced biofilm growth within rough preparations and negatively in smooth preparations, though only the slopes of the CCR and CCP preparations were determined to be significantly different, with the available sample size. CCP was the only preparation that returned a significant relationship between Ra and biofilm formation (p = 0.0002). Surfaces above Ra = 0.2 μm have been reported to facilitate biofilm growth, leading 0.2 μm to be suggested as the minimal biofilm-forming threshold for surface roughness \[[@pone.0212995.ref033]--[@pone.0212995.ref035]\]. None of the polished preparations had a mean Ra of ≤0.2 μm and all had biofilm growth. The negative relationship seen between Ra and biofilm growth for the polished preparations is unusual and cannot be explained. This could perhaps be a type I sampling error, and increasing the sample size may aid in elucidating the relationships between Ra and biofilm formation for manually polished metal disks.

The positive relationships seen between Ra and biofilm growth for the rough preparations supports findings in the literature that rough surfaces facilitate increased bacterial biofilm growth through increasing the surface area for adhesion and providing protection against shear forces during initial adhesion \[[@pone.0212995.ref034]--[@pone.0212995.ref036]\]. This was supported in this study by the subjective finding that biofilms were found on SEM images more frequently in cracks and protected areas. Additionally, Wu et al. found that a species of *Streptococcus* preferred concave features such as valleys, depressions and pits, all of which function to enhance bacteria-surface area contact \[[@pone.0212995.ref037]\]. *Staphylococcus* shares many features with *Streptococcus*, therefore it seems reasonable to assume that they would have similar predispositions for preferential biofilm formation in specific locations or as a result of specific surface features. For example, both are pathogenic, biofilm-forming opportunistic bacteria \[[@pone.0212995.ref038],[@pone.0212995.ref039]\]. Of their subspecies, *Staphylococcus aureus* (which is very similar in morphology and behaviour to MRSP) and *Streptococcus pyogenes* are cocci, with diameters of 0.7--0.9 μm and 0.7 μm, respectively \[[@pone.0212995.ref038]\].

The results of this in vitro study suggest manual polishing of implants may significantly reduce biofilm growth in vivo compared to implants with their surface left unchanged post LPBF. An optimal Ra may exist at which minimal biofilm growth is observed for each material group, however, this was not determined in this study. Manual polishing in our study did result in significantly reduced surface roughness as measured by Ra values, CFU/disk, and subjectively observed with SEM, however, smoother surfaces could improve on these findings.

It has been established that osseointegration of titanium implants is facilitated through increasing the surface area of the implant, either through surface texturing \[[@pone.0212995.ref026],[@pone.0212995.ref040],[@pone.0212995.ref041]\] or the inclusion of perforations through the implant \[[@pone.0212995.ref040]\]. Osteoblasts attach more rapidly to rougher surfaces, and increasing porosity increases osteoblast growth, nutrient delivery and waste removal \[[@pone.0212995.ref042]\]. Furthermore, inclusion of interconnected pores increases osteoblast migration and colonization of the whole structure \[[@pone.0212995.ref043]\]. In fact, smooth titanium implants have a lower bone-implant contact and are more easily detached than textured implants \[[@pone.0212995.ref044]\]. This is ideal for implants that may require later removal such as those used in trauma or pediatric patients and may reduce morbidity related to implant removal \[[@pone.0212995.ref045]\], but has implications for both currently used metallic implants and future manufacturing methods where a tradeoff between osseointegration and an implant's predisposition for biofilm colonization should be taken into account.

It was hypothesized that differences in surface roughness among SSR, TIR and CCR would be attributable to differences in the characteristics of the metal powders, namely their thermal conductivity. Thermal conductivity is positively related to homogeneity of the melt pool and is temperature dependent \[[@pone.0212995.ref046],[@pone.0212995.ref047]\]. If the volume energy density (J/mm^2^) imparted by the laser (a function of scanning speed and laser power, among others) into the metal powder is too low the melt pool size decreases and partial melting results \[[@pone.0212995.ref048]--[@pone.0212995.ref049]\]. Conversely, increasing laser energy past an optimal point results in adherence of adjacent particles to the melt pool, which creates a void around the area \[[@pone.0212995.ref049]\]. Partial melting, adherence of adjacent particles, and the creation of voids from which the adjacent particles arose all function to increase surface roughness (Ra). With information obtained from the supplier regarding the metal powders' thermal conductivity, it was determined that there is an inverse relationship between thermal conductivity and surface roughness of the unaltered metal disks, with increasing thermal conductivity decreasing the surface roughness. Thermal conductivity for the titanium alloy is 6--8 W/mK with a mean surface of roughness of 20.314 μm, for cobalt chrome is 13 W/mK with a surface roughness of 15.0034 μm, and for stainless steel is 16.2 W/mK with a surface roughness of 9.1743 μm. This could also be visualized in the SEM images of the unaltered (rough) preparations (Figs [5](#pone.0212995.g005){ref-type="fig"}--[8](#pone.0212995.g008){ref-type="fig"}). This suggests that metals with lower thermal conductivity produce rougher surfaces via LPBF. An implication of this finding is such that future implant material development may include an evaluation of the thermal conductivity of the metal powder in order to facilitate the production of a material with an optimal Ra to reduce biofilm growth.

The variance in surface roughness (Ra) was higher in polished preparations versus rough. The increased variance of Ra among polished preparations may be the result of hand polishing of disks for the smooth preparations, versus production of disks using a uniform particle size, layer thickness and laser diameter, and left without post-processing modifications in the rough preparations. Within a disk, variance was highest in CCP and lowest in CCR, but again lower across rough preparations than smooth preparations. Though manual polishing produced a higher variance in Ra the results did not support that it would be clinically unsuitable since statistically significant biofilm reduction was found for the polished disks. Development and implementation of a surface roughness standard for manual polishing of implants is suggested.

Though nearly limitless surface features can be created through 3D printing techniques, the results of this study suggest that appropriate post-printing polishing is required for 3D printed metallic implants to minimize potential bacterial biofilm growth.

Limitations {#sec012}
-----------

A limitation of this study was that it was performed in vitro, and the results of bacterial biofilm growth in vitro may differ from those found in vivo. Additionally, while bacteria were only grown for 24 hours to create a "biofilm", in vivo implants would have hours to weeks to months for biofilm growth to occur. This time-frame was selected based on the length of time used in previous studies \[[@pone.0212995.ref024],[@pone.0212995.ref050]\] and resulted in biofilm that was detected both by culture and SEM. Misinterpretation of the impact of bacterial growth at 24 hours may have occurred due to the lack of defined SEM criteria for biofilm formation. Only one type of bacteria was tested, and results from other bacteria may differ. A control group made of SS or TI from a commercial implant manufacturing company or made to currently used canine implant specifications would have been ideal to compare the 3D printed disks to, however, one could not be obtained by the authors.

Only the slope of the CCS biofilm growth versus Ra relationship was significant, indicating it was the only group with a sufficient amount of data to correlate the points to the calculated relationship between roughness and biofilm growth (slope). Addition of more disks per preparation would increase the power of the study and potentially provide a clear relationship between biofilm formation and roughness for each disk preparation.

Conclusions {#sec013}
-----------

The results of this study suggest manual polishing of 3D printed metal implants following LPBF may reduce the risk of biofilm formation if an implant associated infection occurs, or at least reduce the chance of biofilm complicating treatment. Manual polishing created more variation in surface roughness, therefore development and implementation of a surface roughness standard for manually polished implants is suggested, or alternatively using an automated polishing method.

Supporting information {#sec014}
======================

###### CFU vs. Disk Data.

Biofilm growth (CFU) per disk using ln transform for CFU data ([Fig 3](#pone.0212995.g003){ref-type="fig"}, Tables [1](#pone.0212995.t001){ref-type="table"} and [2](#pone.0212995.t002){ref-type="table"}).

(CSV)

###### 

Click here for additional data file.

###### CFU vs. Roughness Data.

Biofilm growth (CFU) per disk versus Ra and Rq using ln transform for CFU, Ra & Rq data ([Table 3](#pone.0212995.t003){ref-type="table"}, [Fig 5](#pone.0212995.g005){ref-type="fig"}).

(CSV)

###### 

Click here for additional data file.

###### Roughness within Disk Data.

Variance in Ra within disk using ln transform for Ra & Rq ([Table 4](#pone.0212995.t004){ref-type="table"}).

(CSV)

###### 

Click here for additional data file.

###### STL file of 3D printed disk.

(STL)

###### 

Click here for additional data file.
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